Assimilatory nitrate reductase activity (NRA) y-methyl-ATP) had no effect on NR, whereas -y-S-ATP caused an irreversible inactivation. This suggests that NR modulation involves ATP hydrolysis. In contrast to NR in crude leaf extracts, partially purified NR did not respond to ATP or AMP. ATP and AMP levels in whole leaf extracts changed in the way predicted by the modulation of NRA when leaves were transferred from photosynthesizing (low ATP/AMP) to photorespiratory (high ATP/AMP) conditions. Adenine nucleotide levels in leaves could be effectively manipulated by feeding mannose through the leaf petiole. NRA followed these changes as expected from the in vitro results. This suggests that cytosolic ATP/AMP levels are indeed the central link between NRA in the cytosol and photosynthesis in the chloroplast. Phosphorylation/ dephosphorylation of NR or of NR-regulating protein factors is discussed as a mechanism for a reversible modulation of NR by ATP and AMP. In the preceding article, we (9) showed that spinach leaf (Spinacio oleracea) was characterized by two major features: in a crude extract from -CO2-pretreated leaves the inactive enzyme remained inhibited after removal of low molecular weight compounds, including metabolites; and the inactivated enzyme had a low catalytic activity only in the presence of free Mg2+ (or Ca2+). In contrast, the fully activated enzyme was rather insensitive to Mg2e (9). To find a system for an in vitro modulation of NR with features similar to those described above for the in vivo system, we examined the role of potential effectors on NRA by preincubating a rather concentrated leaf extract with the effector in the absence of substrates for NR; subsequently, the effector was strongly diluted or removed by gel filtration, and the remaining enzyme activity was examined in a standard assay at saturating or limiting substrate concentrations. In the following, it will be shown that under these conditions MgATP caused a stable inhibition of NR in vitro, which had all the characteristics of the in vivo inactivation. We also report on an in vitro reactivation of NR by AMP. Finally, we present evidence that this system is probably identical with the in vivo regulatory system.
nitrate reductase (NR) was inactivated in vivo by illuminating leaves at the CO2 compensation point, it could be reactivated in vitro by incubating leaf extracts with AMP. For the in vitro inactivation, ATP could be replaced by GTP or UTP. Nonhydrolyzable ATP analogs (,B, y-imido ATP, ,B, y-methyl-ATP) had no effect on NR, whereas -y-S-ATP caused an irreversible inactivation. This suggests that NR modulation involves ATP hydrolysis. In contrast to NR in crude leaf extracts, partially purified NR did not respond to ATP or AMP. ATP and AMP levels in whole leaf extracts changed in the way predicted by the modulation of NRA when leaves were transferred from photosynthesizing (low ATP/AMP) to photorespiratory (high ATP/AMP) conditions. Adenine nucleotide levels in leaves could be effectively manipulated by feeding mannose through the leaf petiole. NRA followed these changes as expected from the in vitro results. This suggests that cytosolic ATP/AMP levels are indeed the central link between NRA in the cytosol and photosynthesis in the chloroplast. Phosphorylation/ dephosphorylation of NR or of NR-regulating protein factors is discussed as a mechanism for a reversible modulation of NR by ATP and AMP. In the preceding article, we (9) showed that spinach leaf (Spinacio oleracea) NADH-NR2 underwent rapid changes in activity when rates of net photosynthesis were modulated by varying the CO2 supply. It is believed that this modulation of NRA controls the velocity of nitrate reduction in leaves, thus bringing about a synchronization of CO2 and nitrate assimilation under rapidly changing environmental conditions (10).
The in vivo inactivation of NRA observed under low CO2
'This work was supported in part by the Deutsche Forschungsgemeinschaft, Sonderforschungsbereich 251. ' Abbreviations: NR, nitrate reductase; NRA, nitrate reductase activity; G6P, glucose-6-phosphate. was characterized by two major features: in a crude extract from -CO2-pretreated leaves the inactive enzyme remained inhibited after removal of low molecular weight compounds, including metabolites; and the inactivated enzyme had a low catalytic activity only in the presence of free Mg2+ (or Ca2+) . In contrast, the fully activated enzyme was rather insensitive to Mg2e (9) . To find a system for an in vitro modulation of NR with features similar to those described above for the in vivo system, we examined the role of potential effectors on NRA by preincubating a rather concentrated leaf extract with the effector in the absence of substrates for NR; subsequently, the effector was strongly diluted or removed by gel filtration, and the remaining enzyme activity was examined in a standard assay at saturating or limiting substrate concentrations. In the following, it will be shown that under these conditions MgATP caused a stable inhibition of NR in vitro, which had all the characteristics of the in vivo inactivation. We also report on an in vitro reactivation of NR by AMP. Finally, we present evidence that this system is probably identical with the in vivo regulatory system.
MATERIALS AND METHODS
Preparation of leaf extracts and nitrate reductase assay were described previously (9) . The basic procedure for modulating NRA was as follows. A rather concentrated spinach leaf (Spinacia oleracea) extract (1 g fresh wt extracted in 2 mL buffer to give a total liquid volume of about 2.5 mL) was preincubated at 22°C with the potential effector (e.g. ATP) for various times, as indicated in the figure legends. The extraction and preincubation medium usually contained 50 mM Hepes-KOH (pH 7.6), 50 lM leupeptin (Sigma) and MgCl2 as indicated, but usually no NADH and NO3-. After preincubation, an aliquot (50-100 uL) of the solution was injected into 900 to 950 ,uL of the reaction medium (without the effector), and the reaction proceeded for various times as indicated.
Partial purification of NR was achieved according to Sanchez and Heldt (13), with minor modifications: about 10 g of freshly harvested leaves were frozen and homogenized in liquid nitrogen, and the frozen leaf powder was suspended in 10 mL of buffer A (50 mm Hepes-KOH [pH 7.6], 10 /M flavin adenine dinucleotide). The thawed homogenate was centrifuged for 15 min at 25,000g, and the pellet was discarded. To the clear supernatant, solid ammonium sulfate was added up to 44% saturation, and after stirring for 15 min, the suspension was centrifuged for 15 min at 15,000g. The pellet was resuspended in 4 mL buffer B (50 mm Hepes-KOH [pH, 7.6], 0.1 mm EDTA, 10 guM flavin adenine dinucleotide).
After another centrifugation step (5 min at 1 5,000g), 5 mL of the clear solution were loaded onto a Blue Sepharose CL-6B affinity column of about 6 mL bed volume, which had been equilibrated with buffer B. The column was eluted with 25 mL buffer B, containing in addition 0.1 M KCI, and then with 20 mL of buffer B containing 0.5 mm NADH. Fractions of 2 mL were collected, with fraction two containing the maximum of about 35% of the total NRA. The preparation was kept on ice and aliquots were directly used within 3 h.
For measuring adenine nucleotide levels, detached spinach leaves were kept with their petiole either in distilled water or in 50 mM mannose. They were illuminated for I h in a cuvette which was either closed to bring the leaves rapidly to the CO2 compensation point, or flushed with air containing 5% CO2 in order to permit maximal rates of photosynthesis irrespective of the degree of stomatal opening. After 1 h, leaves were frozen as rapidly as possible in liquid nitrogen and ground carefully in a precooled mortar. About 5 mL of 4.5% HC104 were added to 1 g fresh wt of leaf material. After thawing, 625 jL Tris (2 M) were added. The debris was spun down, and 5 mL of the clear supernatant was adjusted to pH 7.4 by addition of 5 M K2CO3. The precipitate was removed by centrifugation, and the samples were kept frozen at -70°C. Adenine nucleotides were determined by a commercially available luciferine-luciferase assay (Boehringer, Mannheim, FRG) in combination with a phosphoenolpyruvate/pyruvate kinase/myokinase system in a Lumat LB9501 (Berthold, FRG).
RESULTS

Inactivation of NR by Nucleoside Triphosphates
When desalted (Sephadex G 25 M) leaf extracts from actively photosynthesizing fresh leaves were preincubated at room temperature with various nucleoside triphosphates (ATP, GTP, UTP), the activity of NR declined rapidly with a half-time of 3 to 5 min (Fig. 1) . Because the cytosol of mesophyll cells contains nucleoside diphosphate kinase activity (EC 2.7.4.6) (3), it cannot be decided whether all nucleotides were equally effective in modulating NR or whether they were rapidly interconverted. The relative change in activity brought about by preincubation with ATP was dependent on the initial activity of the extract, which varied from 5 ,umol g-' fresh wt h-' to 14 ,umol g-' fresh wt h-'. The higher the initial activity, the larger was the relative decrease after preincubation with ATP (not shown).
Preincubation with ADP (1 mM) also inactivated NR (not shown). However, in the presence of the myokinase inhibitor 1 -5-di (adenosine-5 '-pentaphosphate), preincubation of a leaf extract with ADP had no effect on NRA (not shown). It is concluded that the ADP effects in the absence of the inhibitor were actually due to a partial conversion of added ADP to ATP (Table II) . It has to be mentioned that our conventional procedure for determining the Km NADH was not precise due to the high affinity of NR for NADH. Determination of Km with the steady-state system described recently (13) would have been advantageous but could not be used with crude extracts, as the activity of subsidiary enzymes could not be controlled here. In spite ofthat, the data permit the conclusion that ATP inactivation of NR had similar characteristics as the in vivo inactivation by low CO2 conditions (9) .
To find out whether the inactivation of NR by ATP involved ATP hydrolysis, we examined the effect on NR of several nonhydrolyzable ATP analogs (Fig. 5) . ,B, y-Imido-0 3 6 9 12 15 18 21 preincubation time (min) ATP and ,B, y-methyl-ATP caused little or no inactivation of NR, whereas -y-S-ATP was almost as effective as ATP (Fig.  5) . However, the inactivation of NR by preincubation with y-S-ATP was not abolished by treatments which reversed the ATP-dependent inactivation (see below). Altogether, the data strongly suggest that the inactivation involved ATP hydroysis.
Reversal of the ATP-Dependent Inactivation of NR
The involvement of ATP hydrolysis in the inactivation of NR suggested a covalent modification of the protein, e.g. by phosphorylation or by adenylation. In both cases, removal of ATP after inactivation should not necessarily result in a reactivation. However, results were at first contradictory. When, after inactivation of NR, excess ATP was removed by gel filtration, NR remained inactive for some time, as shown above (Table I) . However, when excess ATP was removed by adding glucose + hexokinase (EC 2.7.1.1) as an ATP trapping 
(2) Reactivation of the ATP-inactivated NR by glucose/hexokinase treatment might thus be traced back either to production of G6P or to production of AMP. G6P itself did not reverse the inhibition of NR by ATP (not shown). However, when AMP was added in excess over ATP, NR was completely reactivated and the final activity often exceeded the initial activity before inactivation (Fig. 7) . Due to myokinase activity in the crude extract, excess AMP consumes ATP in a reversal of Eq. 2. But NR was also reactivated by AMP, when ATP was first removed by gel filtration (Fig. 8) . The reactivating effect of AMP is thus a direct one, and cannot be traced back to a myokinase-dependent ATP removal only. with glucose/hexokinase (Fig. 6 ) nor addition of excess AMP reversed the inhibition (Table III) fractionation and affinity chromatography on blue Sepharose, the responsiveness to ATP (or AMP) was lost (Table IV) levels in leaves under the experimental conditions employed for the modulation of NR, we determined concentrations of all adenine nucleotides in total leaf extracts after leaves had been illuminated for 1 h at the CO2 compensation point or in 5% Co2 for obtaining maximum rates of photosynthesis.
As predicted by the response of NR to ATP and AMP in vitro, we found that ATP levels in leaves with maximum photosynthesis rates were lower and AMP levels were much higher than in leaves at the CO2 compensation point (Table  V) . We are aware, however, that these measurements indicate trends only. Absolute adenine nucleotide levels in the cytosol are probably much higher (5), and ATP/AMP activity ratios must be lower than indicated by our data. Otherwise, NR would always be totally inactivated. Alternatively, the cytosol might contain metabolites acting as competitive inhibitors for ATP.
In an attempt to manipulate the adenine nucleotide levels in leaves and to study the effect of such manipulations on NR, detached leaves were fed with mannitol through their petiole, while illuminating them in high CO2 or at the CO2 compensation point. Mannitol at high external concentrations slowly penetrates the plasma membrane and enters the cells. There, it is phosphorylated by hexokinase/ATP, but the resulting mannose-6-phosphate is not metabolized further. Thus, mannose acts primarily as a trap for phosphate and ATP, and rates of photosynthesis are decreased (2, 6, 7). In fact, mannose feeding had drastic effects on total adenine nucleotide levels and on the concentration ratios of nucleotides in whole leaf extracts (Table V) . Under all conditions, ATP levels decreased and AMP levels remained constant or increased slightly after mannose feeding, resulting in lower ATP/AMP ratios. As expected, mannose feeding inhibited the photosynthetic capacity of leaves by about 60%. In spite of that, mannose feeding had little or no effect on NRA under +CO2 conditions (Table V) . Most important, however, was the effect of mannose on ATP/AMP and on nitrate reductase under photorespiratory (-CO2) conditions: under such conditions, NR was usually inactivated, and ATP/AMP ratios were high when mannose was absent (Table V) . But in mannose-fed leaves, ATP/AMP was low (even lower than in control leaves under photosynthesizing conditions), and NR remained high (Table V) . Obviously, NR is fully active when ATP/AMP ratios are low enough, independent of the actual rate of net CO2 fixation. Thus, mannose feeding in a certain sense "uncoupled" NR from photosynthesis.
As shown above, the ATP-inactivated NR was reactivated by addition of AMP. (4) report an inhibition of NR by virtually all three adenine nucleotides (ATP, ADP, and AMP). An inhibition by ADP, but no effect of ATP and AMP was observed by other authors (1 1). More recently, Sanchez and Heldt (13), using a partially purified NR preparation, found an inhibition of NR by physiological ADP concentrations or ATP/ADP ratios, respectively, and at low (more natural) substrate concentrations. In this report, AMP had no effect.
The discrepancy in literature data and our own results is probably due to basic methodical differences. All the authors cited above measured NRA directly in the presence of the nucleotides without preincubation, whereas in our experiments, enzyme activity was measured after preincubation and subsequent removal or at least strong dilution of the nucleotides. Thus, a stable modulation could be detected only under our conditions. Second, with the exception of Nelson and Ilan (1 1), partially purified enzyme preparations were used in the other studies. As shown above, partially purified NR from spinach leaves did not respond to a preincubation with ATP. The role of divalent cations for the in vitro modulation of partially purified NR was studied only recently (13). Here, A different mode of action of adenine nucleotides on NR has been proposed earlier by Solomonson and Spehar (14) . They reported on a stimulation of cyanide formation by ADP in Chlorella extracts. Cyanide itself in the presence of NADH is a potent inhibitor of NR. However, we have shown in the preceding paper (9) that under our experimental conditions, the cyanide inhibition of NR was removed by gel filtration, whereas both the in vivo inhibition of NR by -CO2 treatment of leaves, and the in vitro inactivation by ATP were not reversed.
As a working hypothesis, we propose the following model for a modification of NR (Fig. 10) is not yet known. Also, the type and number ofbound anionic groups and of participating enzymes is as yet a matter of speculation.
